The authors report on Langmuir probe measurements that show that hydrocarbon surfaces in contact with Ar plasma cause changes of electron energy distribution functions due to the flux of hydrogen and carbon atoms released by the surfaces. The authors compare the impact on plasma properties of hydrocarbon species gasified from an etching hydrocarbon surface with injection of gaseous hydrocarbons into Ar plasma. They find that both kinds of hydrocarbon injections decrease electron density and slightly increase electron temperatures of low pressure Ar plasma. For low percentages of impurities ($1% impurity in Ar plasma explored here), surface-derived hydrocarbon species and gas phase injected hydrocarbon molecules cause similar changes of plasma properties for the same number of hydrocarbon molecules injected into Ar with a decrease in electron density of $4%.
I. INTRODUCTION
Low temperature plasma-surface interactions are dominated by high energy species (ions, photons, metastable atoms, and fast neutral atoms) and reactive species (dissociated atoms and molecules). Inadvertent addition of reactive impurities to inert plasmas affects plasma properties and processing using these discharges. For example, Ar plasma with small N 2 , O 2 , and H 2 admixtures show large changes in plasma properties.
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In particular, H 2 addition impacts ion chemistry, electron energy distribution, and metastable atom densities. 1, 3, 4 The source of these reactants is not limited to gas flow into the chamber; the processing chamber walls can also release reactants into the plasma, e.g., as demonstrated for chlorine plasma-based etching of silicon. 5 The sensitivity of plasmas to reactants demonstrates the importance of controlling impurities derived from the reactor walls. 6 Common plasma chamber sidewalls are conditioned stainless steel alloys, with minimal outgassing of impurities into the chamber during plasma processing. Deposition of volatile films onto these walls can lead to release of reactant species during plasma processing.
Quantification of wall-derived reactant species is important for improving current and future plasma processing applications. 7 The effect of impurities/etch products derived from surfaces interacting with plasmas has been utilized for process endpoint detection. Endpoint detection by electrical and spectroscopic characterization techniques of plasma processes has been used extensively in device manufacture to determine when to stop etching. [8] [9] [10] Endpoints of processes can be detected by optical changes when the surface derived species no longer emit while changes to the electrical properties of the plasma [e.g., the electron density (N e ), electron temperatures (T e ), rf bias impedance, etc.] can also tell the state of surfaces, walls, and gaseous species flowing into the plasma. [10] [11] [12] Ar plasma interaction with hydrocarbon films is of interest for multiple applications. Hydrocarbon gas (CH 4 , C 2 H 2 , etc.) additions to Ar plasmas are used for deposition of hydrocarbon films and synthesis of nanoparticles. 13, 14 Ar plasmas are used for sputter cleaning residual hydrocarbons (such as photoresists). As substrate electrode areas increase and atomic layer control of etching surfaces becomes necessary, controlling the densities and energies of plasma species will become more stringent. 15, 16 Carbon coated walls have also been proposed for improving etch process reproducibility and species control. 17, 18 In applications where significant flows from etching hydrocarbon surfaces could cause unanticipated changes to plasma properties, it will be important to predict changes to plasma properties. In this study, we look at the effect of such effects on electron energy distribution functions (EEDF), to establish how electron density N e and electron temperature T e are affected by surface derived hydrocarbons, and how these changes compare to changes caused by gaseous hydrocarbon impurities.
II. EXPERIMENTAL DETAILS
The work was performed in an inductively coupled plasma reactor operating in the high density, inductive H-mode with a coil driven at 13.56 MHz for plasma generation through a dielectric window. For etching films, a cooled substrate electrode was biased at 3.7 MHz for controlling ion energies. 19 The silicon substrate electrode and dielectric window had areas $130 cm 2 , separated with a gap of a) Electronic mail: Oehrlein@umd.edu $13 cm and surrounded by a stainless-steel confinement ring with ports for ellipsometric measurement, gas-flow, and pumping. A base pressure of <5 Â 10 À6 Torr was reached before igniting plasmas to minimize residual chamber impurities (environmental adsorbed O 2 , H 2 O, N 2 , etc.). Ar plasmas were then run for more than 5 min to achieve steady-state wall heating to prevent time-dependence in measurements. Precise flow of gas impurities was performed using a stabilized gas line in conjunction with an automatic butterfly valve, allowing for input of the correct flow of depositing gases at high speeds without a large pressure increase. To emphasize minute impurities in the plasma, 40 sccm was the total combined flow rate of Ar and hydrocarbon gases (CH 4 admixtures and surface derived hydrocarbon species). The Langmuir probe used in this study is designed to collect highly accurate measurements of EEDF, N e , and T e (using Druyvesteyn method) under depositing plasma conditions by fast sweep speeds, ion bombardment, and electron heating. 20 The probe tip and reference probe were located above the center of the substrate electrode. The cylindrical iridium probe tip was 0.7 cm long with a 0.025 mm radius. For compensation, the reference probe is used to subtract noise and probe circuit resistance, while inductive filters (effective for frequencies above 1 MHz) are located near the probe tip. Electron temperatures are calculated as the average energy in the electron energy distribution function. Between each voltage sweep, a brief period of intense ion bombardment (at À30 V) and a small period of electron heating (at þ35 V) kept the iridium probe clean and glowing. This prevents build-up of insulating layers and ensures that the work function remains constant, allowing for high confidence in measurements near the plasma potential during sweeps. Collection of plasma properties can be done continuously, allowing for time-resolved monitoring during the plasma process. 20 To achieve varying C x H y flows during surface-derived hydrocarbon-plasma interaction studies, amorphous hydrocarbon (a-C:H) films were grown on silicon substrates with surface area of 130 mm 2 and subsequently placed onto the substrate electrode. Plasma conditions for similar films in this system have previously been described. 21 In this study, films were grown without substrate electrode bias in CH 4 plasmas, leading to polymeric, H-saturated hydrocarbon films. During growth, films were optically characterized according to a-C:H index of refraction-chemical composition relationship described by Schwarz-Selinger et al. 22 The optical index of refraction of these films was n ¼ $1.55, which is equivalent to a $48% molar H film with a density of 1 g cm À3 . 22 Typical species etched at low Ar ion energies from these a-C:H films are C and H atoms, H 2 molecules, and unsaturated/saturated hydrocarbon molecules (these etching species are subsequently called C x H y ). a-C:H films were monitored during plasma exposure using in-situ ellipsometry to find the flux of C atoms released from the surface into the plasma. Using measured erosion rates as well as the hydrocarbon surface area and composition [described in Eq. (1)], we calculate equivalent C fluxes into the plasma. The flux of C atoms into the plasma is described as
where q a-C:H is the density of the etching a-C:H, A is the substrate electrode area, C C is the concentration of C atoms in the film, ER a-C:H is the etch rate of the a-C:H film, V m is the volume per mol of gas at STP (22:4 L=mol), and m C is the molar mass of the C atoms. As the exact absolute fluxes of C x H y atoms and molecules into the plasma are not known, we base the relative flows (%C x H y in Ar) in this study on the number of C atoms flowing from the surface. Flow of C x H y (without a correction factor) in Ar was defined as the number of C atoms being removed for clear a comparison to CH 4 , though the authors acknowledge there may be some systematic underestimation of the total atomic flow due to this approximation. For etching the surfaces, at a DC substrate bias of À50 V, we find an ER of 21 nm/min and a C x H y flow of $0.6%; at À75 V, we find an ER of 36 nm/min and a C x H y flow of $1.1%; and at À100 V, we find an ER of 41 nm/min and a C x H y flow of $1.2%. When a bare silicon wafer without any a-C:H was present on the substrate electrode, these biases induce negligible changes to electron population properties (EEDF, N e , and T e ) using appropriate filtering techniques. 23 As we are operating the plasma in the high-density, inductive H-mode, substrate electrode bias (powered through capacitive coupling) does not cause significant increase in the plasma density and ion currents are constant in this Ar plasma-substrate electrode bias regime. 24 Without applied bias, a-C:H erosion rates are minimal (<1 nm/min), allowing for chamber heating/conditioning and baseline probe traces before significant carbon introduction. CH 4 addition causes deposition onto cool, unbiased surfaces in the plasma such as the substrate electrode, sidewalls, and the dielectric window. This deposition can cause changes to probe measurements due to loss of conducting surface area and long-term flows of C from plasma surfaces.
III. RESULTS AND DISCUSSION
The introduction of small flows of CH 4 had an immediate impact on plasma properties. Figure 1 shows the effect of CH 4 flow on the Ar plasma EEDF. With the introduction of CH 4 into the plasma, the electron density N e drops, especially those with lower energy. By 4% addition, almost a 30% decrease in EEDF integrated area is seen. The depletion of low energy electrons can be explained, in part, by electron energy coupling to CH 4 dissociation and vibrational states. Low energy electrons are lost efficiently through inelastic collisions with CH 4 and other molecules. [25] [26] [27] A similar effect was observed in recent studies with H 2 addition to Ar plasmas.
3, 21, 28 The overall decrease in electrons due to reduced number of higher energy electrons and thus ionization with CH 4 addition. Due to deposition onto grounding surfaces facing the plasma (and non-negligible increase in the sheath resistance), the peak of the EEDF begins to shift to higher energies with CH 4 addition. This is a systematic error resulting from these methods and is not a complete depletion of these low energy electrons. The effect of surface derived hydrocarbons on the plasma is also displayed and shows a slight decrease in low energy electrons (similar to CH 4 addition). As the flows from the surface are much smaller than the CH 4 flows, this impact on plasma properties is much less. The maximum equivalent flow from the surface for these cases is $1%, corresponding to the À100 V condition.
The changes caused by hydrocarbon addition to Ar plasma are time-dependent and reversible. Figure 2 shows the response of Ar plasma electron density to hydrocarbon addition with time. When CH 4 is introduced into the chamber, N e quickly drops. The small, quick spike in N e observed for some cases is due to a transient pressure increase due to valves switching before stabilization. For most cases (besides the low, 2% CH 4 case) the decrease in electron density stabilizes and saturates within $10 s. The slower saturation of the 2% CH 4 case may be due to the initial depletion of most CH 4 from the plasma from deposition onto the substrate electrode and exposed walls. After CH 4 flow is turned off, the electron density recovers to initial levels. At higher flows (above 2%) this effect takes longer, likely due to a buildup of volatile hydrocarbon species on the walls. Surface derived C x H y has a faster rate of interaction with the Ar plasma. The case shown here is a surface etched at À100 V, before being switched to being biased at À50 V, and finally with bias turned off. The source of C x H y , in this case, is immediately removed from the chamber and the plasma relaxes to its original properties. The speed limitations and the gas residence time of the CH 4 cases is showcased here, as it takes longer for the valves to actuate and flow CH 4 ($100's of ms) than for a biased surface to begin etching ($10's of ls). Also, when the flow of CH 4 is turned off, there is a fast response (related to the gas residence time) and a slower response (related to adsorbed C x H y and H 2 coming off the walls). N e in surface derived carbon cases is also seen to recover from its decrease faster. This is due to the sole location of hydrocarbons within the chamber no longer emitting significant C x H y , whereas in CH 4 cases much more chamber surface area is coated with volatile hydrocarbons.
Corresponding extracted plasma densities and electron temperatures of CH 4 addition and surface derived hydrocarbon cases are shown in Fig. 3 . N e decreases drastically with the addition of CH 4 . Electron temperature increases very slightly at high CH 4 additions, due to the depletion of low energy electrons. This effect is similar to the addition of other reactive molecules to Ar plasma 3,29 and can be explained by a drop in density due to the preferential loss of low energy electrons to molecular vibrational processes and dissociative attachment. Comparatively, surface derived C x H y behaves in a very similar way for N e . At the highest amounts of etching (equivalent to flows of $1% CH 4 ), a decrease in N e similar to the decrease seen with CH 4 addition is observed. As T e changes from CH 4 addition in this low regime are minimal, a drop in T e from surfaces was not expected. T e seemed to decrease slightly in this regime but changes are within the experimental error of the temperature measurement.
The maximum magnitude of change to N e by 1% surface/ gaseous hydrocarbon emission is $4% the initial N e ($1.0 Â 10 11 !$9.6 Â 10 10 ). Above 2% addition with gaseous CH 4 flow, the decrease in N e is greater and linear up to 10% addition (not shown), with a decrease of $8% in N e per %CH 4 added to the plasma. Though the magnitude of these changes are small, other effects of reactant gas additions are also important for industrial applications. For etching/deposition applications, there are large consequences of reactive gas additions, despite the small changes in N e . The etch rate of hydrocarbons can rise with these small additions saturated with H atoms. Similarly to small C 4 F 8 additions to Ar plasmas increasing the etch rate of SiO 2 films by F atom reactivity, H atoms drastically increase the etch rate of hydrocarbons. 30 Planning plasma processes to have large flows from the substrate electrode and long-term redeposition/etching from plasma-facing surfaces is important for controlling properties and reproducibility, and will become a greater consideration as etching surfaces increase and surface derived impurities constitute significant fluxes into the plasma.
IV. CONCLUSIONS
We conclude that small amounts of hydrocarbon impurities can drastically affect plasma electron behavior. A distinct 4% drop in N e has been observed when only $1% flows of hydrocarbons are introduced into the reactor from surface sources. With large surface areas and ion energies, an almost equivalent flow from the surface compared to gaseous CH 4 flow can be achieved. The drop in N e of surface hydrocarbon sources compares well with CH 4 . Plasma properties quickly react to the addition of hydrocarbon impurities and returns to original properties once gaseous impurities are removed from the chamber. These effects show that impurity flow from surfaces affects plasma properties when high surface areas of reactive materials face the plasma, and introduces time-dependent plasma properties.
